Research Highlights: Interior Alaska boreal forest is still largely intact and forest harvest management, if applied appropriately across the forest landscape, can potentially mitigate the effects of climate warming, such as increasing wildfire and decreasing mature tree growth. Background and Objectives: This study examines historical relationships between forest growth and harvest in central boreal Alaska over the last 40 years in order to contribute to the development of sustainable forest harvesting practices. Materials and Methods: We compiled data from forest inventory and forest harvest and reforestation databases and analyzed harvesting intensity relative to growth. Results: Forest harvest management has relied heavily on natural regeneration due to a small profit margin. We found that volume harvested in the last 40 years was lower than volume growth; however, harvest activity was concentrated on the small road-accessible area and in the mature white spruce type. As a result, harvest activities need to be distributed geographically and by species in a way that prevents reduction of forest productivity or loss of ecosystem services. An expansion of the road network, or a shift in harvesting and utilization from white spruce to broadleaf would allow a significant increase in sustainable wood yield. Conclusions: There are two potential areas that could provide increased harvest, which contain a large amount of white spruce, birch, and aspen. Under rapid climate change, sustainable forest harvest management must consider the effects of fires, such as needs of salvage logging and a potential reduction of harvestable timber volumes due to damages. Forest harvest management could emulate natural fire disturbance and help reduce fuel amounts to prevent intensive and large-scale fires in the future in areas where fires are most aggressively suppressed.
Introduction
Wood has been an important product for human living and development worldwide for thousands of years. About two thirds of boreal forests are considered to be managed [1] . In the 19th and 20th centuries, in many boreal regions (mainly northern Europe, Russia and Canada), intensive and/or extensive timber harvesting has caused a shift in forest landscapes. During this time period, the primary focus of forest management was a maximum production of wood products, often with only implicit regard for forest ecological services [2, 3] . Rotation ages, which maximize the volume production and planting of single commercial tree species, have created even-aged forests with fewer old-growth stands [1, 4] .
However, a new appreciation has emerged on the values of forest ecological services other than wood products. Under such circumstances, sustainable forest management that aims to sustain In the central Interior Alaska boreal region, a large area of productive forest is managed by the Alaska Department of Natural Resources, Division of Forestry (AKDOF) within the Tanana Valley, which is drained by the large silt-bearing Tanana River ( Figure 1 ) [26] . The Tanana Valley State Forest and state "forest classified" lands are termed "state forest lands" in this study. State forest lands in the Tanana Basin cover 1.16 million hectares, or 2.5% of the total land area of Interior Alaska (Table  1 , Figure 1 ), of which ~75% are productive forest lands, termed "timberland" (Table 1) . Of the remaining 25%, approximately 15% are "dwarf forests", which grow primarily on permafrost- Mean annual temperature at Fairbanks International Airport (1948 to the present; elevation 133 m) is −2 • C, and annual precipitation is 270 mm, with extreme temperatures ranging from −50 • C to 35 • C. The period between freezing temperatures in the early 21st century is approximately 123 days at Fairbanks, an increase from 85 days in the early 20th century [24] . However, climate in the region varies substantially according to factors such as elevation and aspect [25] .
In the central Interior Alaska boreal region, a large area of productive forest is managed by the Alaska Department of Natural Resources, Division of Forestry (AKDOF) within the Tanana Valley, which is drained by the large silt-bearing Tanana River ( Figure 1 ) [26] . The Tanana Valley State Forest and state "forest classified" lands are termed "state forest lands" in this study. State forest lands in the Tanana Basin cover 1.16 million hectares, or 2.5% of the total land area of Interior Alaska (Table 1 , Figure 1 ), of which~75% are productive forest lands, termed "timberland" (Table 1) . Of the remaining 25%, approximately 15% are "dwarf forests", which grow primarily on permafrost-dominated soils. This study focuses on the timberland portion of state forest lands, because forest harvest management only occurs on timberland. The dwarf forests are mostly comprised of black spruce, which grows slowly and to only about 10 m. The rest is either shrubland, wetland, or water feature. State forest lands are grouped into four management areas: Fairbanks, Kantishna, Delta, and Tok ( Figure 1 ). Other major ownerships of productive forest lands within the Tanana Valley, termed "other forest lands", that are included in this analysis are the Fairbanks North Star Borough, individual Native allotments, and the Toghotthele Native Corporation (Table 1, Figure 1 ). There are other ownerships of productive forest lands available for wood production within the study area, but we did not include these lands in this study because of a relatively small contribution to the historical harvest and a limited data availability. This study also does not include the extensive areas of forested state and federally managed parks, wildlife refuges, and wilderness areas. 
Data Compilation
In Interior Alaska, the National Forest Inventory and Analysis program only began in 2016. As a result, in this study we used forest inventory completed by the AKDOF on state forest lands and by the Toghotthele Native Corporation on their forest lands. The AKDOF inventory was done using stratified random sampling design. In each timber stand, 10 plots were typically installed, of which five were sampled for species, diameter at breast height (DBH), total tree height, bark thickness, tree vigor, crown ratio, defect type, estimated defect percentage and a coordinate. On the other five plots, trees were counted by species and size class using a relascope. The field sampling used variable radius sampling method for trees 5 inches or greater in diameter at breast height (DBH), and a fixed radius sampling method for trees smaller than 5 inches in DBH [26] . A total of 373 timber stands and 2282 plots were sampled. Based on the field measurements, timberland on state forest lands were grouped into 16 vegetation types that represented species composition and stand volume. Unsampled stands were also assigned to one of the vegetation types by interpreting aerial photography. Within each vegetation type, stand volumes per area were considered similar enough. Thus, the volume for each stand was estimated using the representative average stand volume derived from field data and the area. Inventories of Toghotthele Native Corporation lands are not spatial data, but compiled area and volume of the major vegetation types [27] .
We then analyzed "historical" forest harvest activities on state and other forest lands in terms of volume and area harvested, and types of forest harvest management used from 1969 to 2012. We obtained forest harvest management databases from the AKDOF's Fairbanks and Tok area offices [28] . The Fairbanks area office managed Fairbanks, Kantishna, and Delta management areas at the time of The databases contain records of timber harvesting and reforestation, such as geographical location, type and date of harvest, site preparation, reforestation, contractor, and harvest area [28, 29] . We made corrections to the databases to increase accuracies of analyses, and simplified methods of forest harvest management. Inconsistencies and incomplete records of date of harvest were a particular problem. The recorded date of harvest may only be the transaction date, and actual timber harvesting may have occurred over a number of years. We specified year of harvest using either year/date of harvest, expiration or terminated date of timber sale, timber sale files, and/or aerial photography from 2006 and 2012, depending on data availability. Even after the data adjustments and additions, year of harvest is missing for several harvests, especially in Tok (103 missing out of 137 recorded).
Before harvesting, timber volume to be sold is determined for sawlogs (trees larger than 22.86 cm (9 inches) in DBH) and fuelwood across the entire timber sale. However, actual volume harvested could be slightly lower than the recorded volume, because some undesirable stems (e.g., small, defective) might have been left standing, even if they were included in the contract. However, we believe that the discrepancy is minimal.
Some geographical information contains errors, especially in old harvests. In the 1970s, some large harvests were laid out across a large forest area, and harvesting was allowed anywhere within the boundary (Doug Hanson, personal communication). This resulted in some mapped harvest units in the database that were larger than the actual area harvested. Aerial photography was used to supplement any missing or incomplete data as best as possible. However, availability is limited and a complete reconstruction of the databases was beyond our scope of work, even if possible.
Analysis
Forest composition and structure were summarized using forest inventories conducted by the AKDOF and the Toghatthele Native Corporation. Average stand age, area, timber volume, volume per area, average annual growth, and annual growth of each timberland vegetation type were compiled for state forest lands. In Interior Alaska, the National Forest Inventory and Analysis program just began in 2016, and reliable long-term growth data are not available. As a result, average annual growth is estimated by dividing the timber volume of each vegetation type by average stand age (Tables 2-5 ). This method of growth estimate depicts the stand growth rate over the entire life span, including mortality events, both at an individual and stand level (e.g., fire disturbance). Historical wildland fire data were also compiled, because fire is the major disturbance in the boreal forest. The fire data were obtained from Alaska Interagency Coordination Center [30] .
We summarized area harvested by management types. Methods of harvesting and regeneration management were each simplified into a few categories for a more meaningful interpretation. Harvesting method was placed into one of seven categories (see Section 3.2). Site preparation technique was simplified into two categories (none vs scarification) by combining all scarification types into a single category. Reforestation method was classified as natural regeneration or artificial reforestation, regardless of type, species, timing, or frequency/density of artificial reforestation. Regeneration management was not recorded in Delta and Tok management areas.
Historical trends of harvest activities on state forest lands and other forest lands between 1969 and 2012 were identified. We analyzed the volume harvested of white spruce sawlogs, white spruce fuelwood, birch, and aspen by year. Birch and aspen were predominantly harvested for fuelwood and were not classified by product types. For a basis of assessment of sustainable forest management, we first compared annual volume harvested to annual volume growth on the entire timberland on state forest lands. The comparisons were made for white spruce sawlogs, birch, and aspen. The volume growth of white spruce sawlogs was assumed to be the sum of any sawlog vegetation types (white spruce sawlogs, white spruce-birch sawlogs, and white spruce-birch-aspen sawlogs). Sawlog types contained other species than white spruce and smaller diameter trees, but a majority of the volume of sawlog types was made up of white spruce sawlog. This is a conservative estimate because white spruce sawlogs are also present in other vegetation types, and some vegetation types (especially broadleaf types) eventually turn into white spruce stands as broadleaf mature and die [7] . We summed volume growth of birch closed and a half of birch-aspen closed for birch volume growth. Similarly, aspen closed and a half of birch-aspen closed were summed for aspen volume growth. These volume growth estimates for broadleaf are conservative, because broadleaf fuelwood is often harvested along with white spruce sawlogs. "Volume harvested" excludes salvage logged wood, because salvage logging harvests burned trees after fires and is not part of the inventoried volume that makes up of volume growth of white spruce sawlog, birch, or aspen. This analysis was only done on state forest lands because volume harvested on other forest lands was recorded in board feet, which is not directly convertible to cubic meters.
Access is a major constraint on forest harvest management in Interior Alaska [14] . As a result, the comparisons of annual volume harvested and annual volume growth were also analyzed in zones of 1 km intervals up to 4 km and further than 4 km from the nearest road feature. The AKDOF data layer for road features includes highways, primary all-season or winter roads, secondary all-season or winter roads, and spur roads, which is a short temporary road for a specific forest management practice, such as timber harvesting (Doug Hanson, personal communication [31] ). We included all roads existing as of 2013 in the AKDOF road data layer [28] , although some of the roads might not have existed at the time of harvest. However, forest roads are generally built when access to harvest is required, so the error in the distance to road parameter is marginal. We also added forest roads using aerial photography to the best of our ability.
We examined the number of harvested units and volume harvested that fell within the zones. We also identified available timber volumes of white spruce sawlogs, birch, and aspen within each zone. We then compared the annual volume harvested and the annual volume growth of white spruce sawlogs, birch, and aspen to determine the intensity of harvesting activities between 1972 and 2012. The annual volume growth for white spruce sawlogs, birch, and aspen was estimated using the same method as described earlier (i.e., timber volume divided by average stand age; Tables 2-5). We also produced maps of white spruce sawlogs and birch types on state forest lands by distance to the nearest road (1, 2, 3, 4, and >4 km) to analyze timber accessibility.
Results and Discussion

Forest Composition and Structure
On state forest lands, the greatest area of forest cover is black spruce-white spruce-broadleaf forest, and white spruce-broadleaf forest (36% and 30% of timberland, respectively; Tables 2-5). Extensive areas of mixed black spruce forest occur on cold soils underlain by permafrost. Permafrost dominated sites, because of their low forest productivity, are generally not harvested [32, 33] . However, wood biomass harvesting, which harvests trees for energy generation, is expanding. Alaska is unique in that trees are harvested exclusively for energy generation, unlike other regions where harvest residues are used for such purposes. Wood biomass harvesting could potentially utilize black spruce material, which conventionally is too small to be profitable, and harvesting of this type may expand in the future. In contrast, white spruce is the most productive stand type in central Interior Alaska (Tables 2-5) , except for balsam poplar, which covers a small area in floodplains [34] . Pure white spruce (20%) and mixed white spruce and broadleaf types (37%) contain the greatest wood volume on state forest lands (57% ; Tables 2-5) . As a result, during the period of analysis, most timber harvesting occurred of white spruce types.
On other forest lands (only including inventory of Toghotthele lands; see Section 2.2), pure or mixed white spruce forest covers the greatest area (69%), and broadleaf forest covers about one fourth of the land. This is because the land was selected mainly for productive forest lands for wood production. Wood volume on other forest lands is mostly composed of pure white spruce (36%), mixed white spruce and broadleaf (45%), and broadleaf types (18%).
The landscape of the Alaska boreal forest is shaped mainly by wildfire disturbances. Between 1943 and 2017, 42% of total lands in Interior Alaska burned at least once [30] . This figure does not exclude non-forest lands, indicating the proportion of area burned within the boreal forest is higher than 42%. More than half of those areas within the fire perimeter burned twice or more in the 75-year period. Average fire return interval is estimated between 50-200 years [35, 36] . As a result, forest stands rarely reach 200 years (Figures 2 and 3) . About 60% of timberland on state forest lands is reproduction (due to any type of disturbance, including timber harvesting; Tables 2-5) and 20% of timberland stands are under 10 years old (Figure 3 ). On other forest lands (only including inventory of Toghotthele lands; see Section 2.2), pure or mixed white spruce forest covers the greatest area (69%), and broadleaf forest covers about one fourth of the land. This is because the land was selected mainly for productive forest lands for wood production. Wood volume on other forest lands is mostly composed of pure white spruce (36%), mixed white spruce and broadleaf (45%), and broadleaf types (18%).
The landscape of the Alaska boreal forest is shaped mainly by wildfire disturbances. Between 1943 and 2017, 42% of total lands in Interior Alaska burned at least once [30] . This figure does not exclude non-forest lands, indicating the proportion of area burned within the boreal forest is higher than 42%. More than half of those areas within the fire perimeter burned twice or more in the 75-year period. Average fire return interval is estimated between 50-200 years [35, 36] . As a result, forest stands rarely reach 200 years (Figures 2 and 3) . About 60% of timberland on state forest lands is reproduction (due to any type of disturbance, including timber harvesting; Tables 2-5) and 20% of timberland stands are under 10 years old (Figure 3) . 
Types of Forest Harvest Management Used in the Study Area
Clearcutting and selection cutting (18% and 39% of total area harvested, respectively) were two major harvesting methods used in the study area. Clearcutting is supposed to remove all stems, large or small, in the stand; however, in the study area, even if the harvesting method is prescribed as clearcutting, loggers may leave undesirable stems, such as small diameter trees and broadleaf stems. In the study area, selection cutting was in general a high grading method that removed the best trees. In the study area, large white spruce was predominantly harvested for the selection cutting (approximately 70%-80% of selection cutting). Salvage logging (13% of total area harvested) was another major forest management practice applied in the study area, and was used mainly after the Rosie Creek Fire in 1983 that burned 2677 ha of state forest lands.
Assisted regeneration following a harvest is a common forest management practice in many boreal regions. In the study region, the two most common post-harvest regeneration practices were site preparation and planting of seedlings. Depth of organic layer is one of the most important factors determining post-disturbance natural regeneration in Interior Alaska [37] , and removal of the organic layer (which naturally happens when fire burns the organic layer) promotes establishment of new vegetation. Site preparation exposes a mineral substrate that many species require for successful germination, while reducing the remaining vegetation that competes with tree regeneration [37, 38] . Species competing with white spruce, especially Calamagrostis canadensis, spread rapidly by belowground rhizomes after disturbance [39] . White spruce, on the other hand, regenerates predominantly from seed, and grows slower than most other early successional tree species [40] . As a result, removing the organic layer and below-ground rhizomes of competitive species helps enhance white spruce regeneration. In addition, white spruce regeneration is limited by other factors [40] , including sporadic seed production [41] [42] [43] and dispersal ability [44] . As a result, site preparation and planting white spruce seedlings, when applied on state forest lands, are often used in combination. Despite these limitations in regeneration, post-harvest regeneration management has been applied at a very limited scale, mainly due to limited funding. In Alaska, artificial reforestation is required when natural regeneration is not adequate to meet the state stocking standard (450 stems per acre), and the AKDOF is responsible for the regeneration survey and, when necessary, reforestation. The AKDOF is also responsible for the wildfire management of 62 million hectares of lands, and most forest management resources are used for wildfire management (about 95% of funding) [45] . As a result, forest harvest management needs to be economically self-sustained. Timber harvest revenue is marginal, especially when demand is low, and forest resource management in general is expensive, 
Assisted regeneration following a harvest is a common forest management practice in many boreal regions. In the study region, the two most common post-harvest regeneration practices were site preparation and planting of seedlings. Depth of organic layer is one of the most important factors determining post-disturbance natural regeneration in Interior Alaska [37] , and removal of the organic layer (which naturally happens when fire burns the organic layer) promotes establishment of new vegetation. Site preparation exposes a mineral substrate that many species require for successful germination, while reducing the remaining vegetation that competes with tree regeneration [37, 38] . Species competing with white spruce, especially Calamagrostis canadensis, spread rapidly by below-ground rhizomes after disturbance [39] . White spruce, on the other hand, regenerates predominantly from seed, and grows slower than most other early successional tree species [40] . As a result, removing the organic layer and below-ground rhizomes of competitive species helps enhance white spruce regeneration. In addition, white spruce regeneration is limited by other factors [40] , including sporadic seed production [41] [42] [43] and dispersal ability [44] . As a result, site preparation and planting white spruce seedlings, when applied on state forest lands, are often used in combination. Despite these limitations in regeneration, post-harvest regeneration management has been applied at a very limited scale, mainly due to limited funding. In Alaska, artificial reforestation is required when natural regeneration is not adequate to meet the state stocking standard (450 stems per acre), and the AKDOF is responsible for the regeneration survey and, when necessary, reforestation. The AKDOF is also responsible for the wildfire management of 62 million hectares of lands, and most forest management resources are used for wildfire management (about 95% of funding) [45] . As a result, forest harvest management needs to be economically self-sustained. Timber harvest revenue is marginal, especially when demand is low, and forest resource management in general is expensive, mainly due to the large area and limited access. A recent study, however, found that natural regeneration is adequate after white spruce harvesting without reforestation [46, 47] . It is also important to point out that natural regeneration may take longer to regenerate forest stands than artificial reforestation, but depending on the management goal, natural regeneration may be more suitable than artificial reforestation (e.g., when the goal is to create wildlife habitat).
The predominant method for site preparation in Interior Alaska has been mechanical site preparation using heavy equipment. Prescribed burning and the application of herbicide have been limited to experimental purposes during the study period in central Interior Alaska [48] , unlike many other forest regions [49, 50] . Planting of white spruce seedlings has been the predominant method for artificial reforestation. Some introduced species were planted experimentally at a very limited scale, including lodgepole pine (Pinus contorta var. latifolia Engelm. Dougl. ex Loud), Siberian larch (Larix sibirica Ledeb.), and Scotch pine (Pinus sylvestris L.) in the Fairbanks area. Out of the total 3223 ha planted in the area, 74 ha (2.3%) were planted with introduced species exclusively, and 162 ha (5%) were planted with mixed white spruce and introduced species.
On state forest lands, site preparation and artificial reforestation increased in the mid-1980s and 1990s, when total harvest area increased particularly because of the large burned forest area harvested after the Rosie Creek Fire and the associated salvage and sanitation logging [51] . Almost half the area that received any post-harvest regeneration practice was salvage logged, and about one third of the total harvested area was clearcut, which was used mostly during the period of greatest harvest activity. Site preparation used only 18% of the harvested area (Table 6 ). Artificial/assisted reforestation has been used on about half of harvested area (Table 6 ). Site preparation on other forest lands was only used before 1980, with a total of 31% of the harvested area (Table 6 ). Only 13% of the area harvested on other forest lands was planted with white spruce seedlings (Table 6 ). Unlike state forest lands, site preparation on other forest lands was used alone (without planting) in the majority of cases.
Transition of Forest Harvest Management
Harvested area and volume to date in Interior Alaska boreal forest since the late 1960s are small, particularly considering the vast total area and large total timber volume of the forest (Tables 1-5 ). The total area harvested on state forest lands from the start of record collection in 1972 to 2012 is about 9435 ha out of 871,263 ha of total timberland on state forest lands (Table 6 ), or 1.1%. Harvest activity on state forest lands was continuous from the early 1970s, with great variability among years ( Figure 4) . early 1980s. In the mid-1980s, harvest area and volume gradually increased until the early 1990s in response to salvage and sanitation harvesting following a large fire in 1983 that burned 3500 ha of state forest lands [51] . The priority after this fire was to salvage trees killed or damaged, and to recoup valuable timber before decay and prevent the spread of insect outbreaks from injured to healthy trees [51] . A total of approximately 1200 ha was salvage logged due to the fire. Across all state forest lands, the total white spruce fuelwood volume harvested in the last 40 years is only 78,050 m 3 , and nearly half of that volume came from salvage logging in the late-1980s and 1990s. On state forest lands, annual area and volume harvested were quite low from 1972 until the early 1980s. In the mid-1980s, harvest area and volume gradually increased until the early 1990s in response to salvage and sanitation harvesting following a large fire in 1983 that burned 3500 ha of state forest lands [51] . The priority after this fire was to salvage trees killed or damaged, and to recoup valuable timber before decay and prevent the spread of insect outbreaks from injured to healthy trees [51] . A total of approximately 1200 ha was salvage logged due to the fire. Across all state forest lands, the total white spruce fuelwood volume harvested in the last 40 years is only 78,050 m 3 , and nearly half of that volume came from salvage logging in the late-1980s and 1990s.
In the 1990s, as salvage logging from the 1983 fire was being completed, clearcutting increased rapidly in response to increased demand for spruce sawlogs in the Asian market (Figure 4a ) [14] . In many boreal regions, homogenous forest (e.g., even-aged and/or single-species) created by extensive clearcutting and planting is subject to management efforts, such as intensive planting, to restore heterogeneous forest structures and a diversity of species habitats [8] . Partial cutting is one of the management practices used to restore forest diversity [9] . In the late 1990s, such concerns, along with a decreasing demand due to the downturn of wood product demand in the Asian market, resulted in a shift in the major harvesting method from clearcutting to partial cutting on state forest lands (Figure 4a ). Overall harvest area and volume also decreased and remained low for the rest of the study period.
On other forest lands, harvest activity has occurred sporadically, with a few peaks over the last few decades (Figure 4b ) when timber harvesting has been economically viable. During the period of analysis, harvest activities on other forest lands were lower than on state forest lands (Table 6) . However, the volume harvested on other forest lands contains errors, because the volume was only recorded in board feet, which measures the volume of processed boards and not the volume of the entire log. The greatest area of harvesting occurred on Toghotthele lands (Table 6 ). Harvested area on other forest lands peaked in 1969, 1976, and 1979, but harvest volumes were not recorded for 1976 and 1981.
Perspectives on Sustainable Forest Management
A comparison of harvest intensities to forest growth provides a perspective on the relative degree or magnitude of utilization of wood volume. Throughout the period of our analysis, the mean annual volume harvested of white spruce and especially birch and aspen were lower than the annual volume growth of white spruce sawlogs, birch, and aspen types, respectively, on the entire timberlands on state forest lands (Table 7) . Harvest volume of all white spruce, birch, and aspen were four to five times greater in the Fairbanks area than other areas, but even there harvested volumes were 64%, 5%, and 1% of annual volume growth for white spruce, birch, and aspen, respectively. White spruce sawlogs were the major harvested product category, accounting for about 90% of harvested volume on state forest lands. A total of 961,967 m 3 white spruce sawlogs were harvested from state forest lands during the 1972-2012 period, which is 37% of the total volume growth of white spruce sawlog types estimated for the time period. The overall mean volume of annual white spruce harvested is 23,463 m 3 , with great variability among years (Figure 4a ). Although the overall mean annual harvested volume of white spruce sawlogs was lower than the annual growth (Table 7) , the harvested volume of white spruce sawlogs exceeded the annual volume growth in some years, especially during the 1990s. In the Fairbanks management area, annual harvested volume surpassed the mean annual growth rate in 8 out of 41 years, which is much greater than other management areas. The number of years exceeding the mean annual volume growth are 1, 1, and 2, for Kantishna, Delta, and Tok management areas, respectively.
Birch and aspen are minor harvested species compared to white spruce in the study area. A total of 93,804 m 3 birch and 8607 m 3 of aspen were harvested from state forest lands during the study period. However, birch harvest volume has increased in the most recent years (Figure 4a ), reflecting increased interest in wood biomass energy [20] . Wood biomass is renewable energy that can mitigate climate change as long as the net carbon emissions of the wood energy harvest (i.e., carbon emission less carbon sequestered during regeneration) are less than those of energy generated by fossil fuels and the biomass harvest does not cause a reduction in long-term forest productivity. Wood biomass can also stimulate local economies, especially in rural Alaska, by decreasing dependence on imported fuel and creating local employment. Based strictly on the perspective of the relationship of volume harvested versus growth across the analysis area as a whole, the current low level of birch and aspen harvesting suggests that birch and aspen harvested for biomass energy can be significantly expanded in our analysis area.
It is important to note that the harvest activities we describe in this study area mostly produced the first rotation under management. The second-growth generated after those harvests have not yet reached a mature stage or even the age classes projected for short rotations. Although further monitoring is essential, this early investigation is useful to determine whether management to date is within the intensity that can sustain both ecological and economical values of the boreal forest.
This initial compilation of harvest volume, which we report here, is underestimated because we were only able to compile records on volume harvested for about 90% of the total area harvested. Records of volume harvested are missing for many units in the Delta (26% of the total area harvested) and Tok (72% of the total area harvested) areas. The Tok management area has overall lower standing volumes per area than the other areas (48 m 3 ·ha −1 versus 68-79 m 3 ·ha −1 , respectively). We did not estimate the missing harvest volume data because the variability and lack of information on harvesting methods and harvested volume by species would introduce high variability into the estimate.
Accessibility
Access is one of the major constraints of forest harvest management in Interior Alaska [14] . Even though vast forest land has remained unharvested, most areas are not road accessible. On state forest lands, 1010 out of 1128 (or 90%) of harvest units were within 1 km of a road, and 99% of harvest units were within 4 km of a road. This is not a surprising result, as access roads are essential for timber harvesting. An exception is ice road (frozen river) access during winter, which was not included as a "road" in our analysis. However, only 15% of the area on the state forest lands was located within 1 km of any type of road, including winter roads (not ice roads), and over 60% of the area was located more than 4 km from existing an road network. This apparently caused a concentration of harvest activities on the small road-accessible portion of state forest lands. Building roads is expensive and accessible forest areas will likely remain limited for the foreseeable future. As a result, sustainability of the accessible forest areas needs to be assessed.
Harvest intensity relative to the growth (annual volume harvested divided by annual volume growth) was highest in the most accessible forest areas (within 1 km of a road), except in the Delta management area, in which the highest concentration occurred in the areas within 2 km of a road (Table 8) . Even though the intensity was highest in the areas near a road, only in the Kantishna management area did the annual volume harvested exceeded the annual volume growth in those areas (Table 8) . Harvest intensity was higher in the Fairbanks and Kantishna management areas (Table 8) , partly due to more complete records in those areas than Delta and Tok. However, during some years, the volume harvested exceeded the annual volume growth in all of the management areas ( Table 8 ). The numbers of years that exceeded the annual growth were greater in the areas nearer a road, and were much greater in the Fairbanks management area than other management areas ( Table 8) .
The volume growth used in this study was underestimated, because we did not include any pole timber types, which contain a lot of sawlogs and are likely to be harvestable. Obviously, it is essential to have better growth estimates for more accurate and precise planning of sustainable forest harvest management. 
Conclusions
In central Interior Alaska, forest harvest management has been low-input and has relied heavily on natural regeneration (Table 6 ). The primary reason that the low-input management has historically produced very small profit margins is mainly due to minimal local demand, distance from major markets, limited access, low product value, and high cost of labor [14] . Based on our analysis, forest harvesting in central Interior Alaska on average is sustainable. However, it is important to recognize a few issues in the current harvest management regime due to the limited infrastructures and facilities in the study area.
Historical harvest activities were concentrated on the road-accessible area and in the mature white spruce type ( Figure 4 , Table 8 ). Obviously, continued harvest of particular forest types in road-accessible areas (assuming road networks will not expand) could deplete important forest structures, particularly older (productive) white spruce types. The road-accessible forest areas also provide the public with opportunities to obtain not only timber but also non-timber products, particularly the harvesting of subsistence wildlife and plant species such as berries. Increasing timber harvests can systematically decrease public access to non-timber forest products [52] . As a result, harvest activities need to be distributed geographically and by species in a way that prevents the reduction of forest productivity or loss of ecosystem services.
We note the existence of two options to expand timber production while providing for sustained yields of forest products in the study region: expanding road networks, and diversifying harvest species to include more broadleaf. The first option of road network expansion, although expensive and challenging, will provide access to additional stands containing harvestable timber. For this option, we suggest two potential state forest areas that could provide increased harvests that contain a large amount and continuous area of white spruce, birch, and aspen ( Figure 5 ): the Kantishna area, and the north part of the Fairbanks area. Although the Kantishna area is remote from the existing road system, potentially it could be accessed by river in winter, assuming the river continues to freeze hard enough for vehicles to drive on. Mature white spruce occurs mostly along the river, but extensive road construction would be required for birch and aspen harvest in the area. The north part of the Fairbanks area, meanwhile, contains a large area of birch-dominated stands.
The second option would be a shift in harvest and utilization from white spruce to other species, especially birch and aspen. The increasing demand for wood biomass for energy generation potentially could make the harvest of other species and the use of other harvest methods more feasible. Even in the present situation, white spruce is still often preferred because mature white spruce stands contain the highest volumes, making white spruce harvesting more profitable than other species in central Interior Alaska. In addition, there are few facilities that utilize small diameter broadleaf. It is obvious that the study of economic limitations and opportunities is a priority for the expansion of broadleaf harvesting. However, this study demonstrates that it is worthwhile to consider investing in equipment and facilities that optimize harvesting and processing of smaller diameter trees, especially birch and aspen, due to the large margins between the harvest levels and allowable-cut levels (Table 7) .
Another limitation and uncertainty of broadleaf harvesting is regeneration following broadleaf harvest and its effects on the forest succession of white spruce stands. Although regeneration following white spruce harvesting has been examined and been found to be successful without intensive management due to its small scale and focus, broadleaf harvesting has not been assessed in the study area. However, broadleaf harvesting has some apparent advantages over white spruce harvesting. Alaska birch and aspen regenerate more successfully and grows faster than white spruce in Interior Alaska boreal forest [46, 53] . These growth characteristics of birch and aspen reduce the area required to sustain harvest volume in a biomass production system (wood biomass harvest) compared to a spruce-based system (traditional sawlog harvest). In addition, birch and aspen regeneration do not face the same limitations as white spruce natural regeneration, such as infrequent large and/or viable cone crops [40, 41] . Increasing the harvest of birch and aspen could also reduce the demand for mature white spruce for biomass energy, reducing the historical focus on white spruce harvesting within the accessible land base. Finally, broadleaf species are more resistant to wildfire than white spruce. Wildfire in Interior Alaska has become more intense, severe, and frequent under climate warming, and it is likely to intensify more in the future [54] . In such a situation, broadleaf will remain relatively resilient, while white spruce will decrease substantially through wildfire.
A potential issue with increased broadleaf harvesting is an eventual reduction of white spruce stands across the landscape. In the Alaska boreal forest, broadleaf often dominates for a few decades after disturbance, while white spruce regenerates slowly under the broadleaf canopy. Broadleaf eventually dies, and the white spruce underneath takes over the canopy. If broadleaf stands are harvested, the succession may start over again from broadleaf dominance and reduce the potential future white spruce stands. As a result, regeneration and succession after broadleaf harvesting must be assessed before increasing broadleaf harvesting substantially. If it is assumed that road access will not increase significantly in the future, and that broadleaf harvesting will remain less profitable, harvesting intensities relative to growth need to be closely monitored, particularly in road-accessible areas. However, rapid climate change may present new challenges and opportunities in sustainable timber production. A majority of state forest lands fall under intensive fire management categories, which fire has suppressed relatively effectively [55] . In those areas where fires are suppressed, flammable fuel builds up that leads to high-intensity and/or large-scale fires in the future. Forest harvest management could emulate natural fire disturbance and reduce fuel amounts to prevent intensive and large-scale fires in the future [18] . However, fires cannot be controlled completely. As a result, sustainable forest harvest management must consider the effects of fires, such as the needs of salvage logging and a potential reduction of harvestable timber volumes due to damages.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/6/484/s1, Table S1 : Mean DBH (cm) of each specie for each vegetation type (Volume Unit 1 (Fairbanks, Kantishna and Delta management areas)). Table S2 
